Hematopoietic stem cells (HSC) produce all blood cell lineages by virtue of their capacity to self-renew and differentiate into progenitors with decreasing cellular potential. Recent studies suggest that epigenetic mechanisms play an important role in controlling stem cell potency and cell fate decisions. To investigate this hypothesis in HSC, we have modified the conventional chromatin immunoprecipitation assay allowing for the analysis of 50,000 prospectively purified stem and progenitor cells. Together with bisulfite sequencing analysis, we found that methylated H3K4 and AcH3 and unmethylated CpG dinucleotides colocalize across defined regulatory regions of lineage-affiliated genes in HSC. These active epigenetic histone modifications either accumulated or were replaced by increased DNA methylation and H3K27 trimethylation in committed progenitors consistent with gene expression. We also observed bivalent histone modifications at a lymphoidaffiliated gene in HSC and downstream transit-amplifying progenitors. Together, these data support a model in which epigenetic modifications serve as an important mechanism to control HSC multipotency.
H
ematopoietic stem cells (HSC) are multipotent cells that at the single cell level have the potential to differentiate into all cells of the erythromyeloid and lymphoid lineages, as well as to maintain their numbers by means of controlled self-renewal (1, 2) . Progression from HSC to differentiated progeny involves the coordinated regulation of multiple gene expression programs leading to the activation or repression of lineage-specific genes (3) (4) (5) . It is well established that the gene expression programs governing cellular differentiation involve multiple epigenetic changes beyond the level of transcription factor recruitment (6) (7) (8) . Epigenetic regulation of gene expression is largely controlled by the posttranslational modification of histones and DNA methylation resulting in the alteration of chromatin structure and function at gene loci (9, 10) .
Several observations suggest that epigenetic modifications are present at lineage-specific loci in HSC and that they could be critical for determining cell fate (11) . Accordingly, active chromatin structure, as well as partial assembly of critical transcription factors, are present at the regulatory regions of numerous lineage-specifying genes in progenitor cells before high-level expression in mature subsets (12) (13) (14) (15) (16) (17) (18) . At the single cell level in HSC, low level transcription of lineage-affiliated genes has been observed, a phenomenon known as lineage priming (13, 19, 20) . It is possible that a specific chromatin structure exists in HSC at lineage-affiliated genes, which mediates low-level expression for the propagation of transcriptional memory during the differentiation process.
We have investigated the hypothesis that epigenetic modifications exist at lineage-affiliated genes in HSC for lineage commitment using chromatin immunoprecipitation (ChIP) assays and bisulfite sequencing (BS) analysis of genomic DNA. We have overcome the cell number constraints commonly encountered with conventional ChIP through the development of an improved method termed miniChIP, and demonstrate the reproducible analysis of histone and DNA modifications during hematopoietic development at specific loci in 50,000 functionally characterized primary cells. Specifically, we identified histone and DNA modifications associated with transcriptional potentiation at specific regulatory regions of lineage-affiliated genes in HSC and their progeny, multipotent progenitors (MPP), which are then inherited or erased during lineage commitment according to their differential expression. This analysis suggests that the transcriptionalpermissive status of lineage-affiliated genes in stem cells is mediated by specific combinations of epigenetic modifications, which may play a key role in HSC multipotency.
Results
Previous studies suggest that HSC are primed for lineage commitment by means of epigenetic mechanisms that govern low level expression of lineage-affiliated genes (13, 19, 20) . To further address this observation, we began by purifying self-renewing long-term HSC, MPP that no longer self-renew (21, 22) , common lymphoid progenitors (CLP) (23) , common myeloid progenitors (CMP), granulocyte/monocyte progenitors (GMP), megakaryocyte/erythrocyte progenitors (MEP) (24) , progenitor T cells, maturing B and T cells, mature granulocyte/macrophage cells, and erythroid progenitors (EP) [supporting information (SI) Fig. 5 ].
Representative genes expressed at low levels in HSC with well described and functionally important regulatory regions were selected for the epigenetic analyses (Fig. 1A) . This list included genes affiliated with the erythroid (Gata1 and ␤-globin), myeloid (c-fms), and lymphoid lineages (Gata3 and Ptcr␣). We included Ptcr␣ to specifically compare the chromatin structure at a gene not expressed in HSC.
To obtain quantitative changes in differential expression patterns of lineage-affiliated genes in early hematopoiesis, we first performed quantitative real time-PCR (qRT-PCR). The expression of lineage-affiliated genes in the committed progenitors showed an expected distribution, with gene expression increasing in differentiating progenitors, and reaching peak levels in mature progeny (Fig. 1B) . In addition, these results confirmed the lineage priming model that lymphoid and myeloid-affiliated lineage genes are transcriptionally permissive in HSC before lineage commitment (13, 19, 20) .
To analyze chromatin structure at these genes in early hematopoiesis, we investigated the distribution of histone modifications using miniChIP. This assay allowed for the analysis of 50,000 cells, which made the technique amenable to the numbers of HSC and progenitors that can be reasonably obtained to high purity from adult mouse bone marrow (BM). We established the method on 50,000 cells through the systematic adjustment of formaldehyde cross-linking, sonication, preclearing, salt concentration and antibody immunoprecipitation conditions (see Materials and Methods).
The feasibility and specificity of the miniChIP method was addressed by examining active histone modifications across functionally important sites controlling ␤-globin expression in erythroid cells (Fig. 1 A) . High-level transcription of ␤-globin genes is mediated by a locus control region that comprises at least five DNaseI hypersensitive (HS) sites (25) (26) (27) . We used antibodies specific for acetylated histone H3 (AcH3), AcH4, dimethylated lysine 4 of histone H3 (H3K4me2), and rabbit IgG for assessment of background signals. As previously demonstrated, we detected about a 4-to 6-fold increase in AcH3 and AcH4 levels at the HSII and ␤-major promoter regions relative to the ␤-H1 embryonic promoter in both 1 ϫ 10 6 and 50,000 mouse erythroleukemic (MEL) cells ( Fig. 2A ) (28) . Robust levels of histone acetylation were also observed at the active ␤-actin promoter, whereas the silent albumin and ␣-fetoprotein promoter regions lacked detectable AcH3 and AcH4 (Fig. 2 A) . We next investigated the effect of trichostatin A (TSA) on histone acetylation across all regions in 50,000 MEL cells. TSA treatment led to large increases in AcH4 levels across the entire locus with the highest levels of enrichment observed at the ␤H1 embryonic promoter, consistent with previous findings (Fig. 2B) (28) . These data clearly demonstrated the specificity of miniChIP to detect dynamic changes in histone acetylation. Our following experiment analyzed the levels of AcH3 and AcH4 at these control regions in primary EP cells isolated from BM that expressed high levels of ␤-globin (Fig. 1B and SI Fig. 5 ). Consistent with the miniChIP on MEL cells, increases in AcH3 and AcH4 across the HSII and ␤-major promoter regions in 50,000 primary EP cells were seen (Fig. 2C) . As further confirmation of miniChIP specificity, purified splenic CD4 ϩ T cells that lacked ␤-globin expression failed to show AcH3 and AcH4 modifications (Figs. 1B and 2C).
Previous studies have found that the HS sites of the ␤-globin locus control region associate with active histone modifications in hematopoietic progenitor cells (13, 17) . We confirmed these observations by analyzing active histone modifications across the ␤-globin locus in HSC and MPP (SI Fig. 5 ) (29) . H3K4me2 associates with the 5Ј regulatory region of genes that are transcriptionally permissive (16, (30) (31) (32) (33) and is proposed to be present at the HSII site in HSC before full transcriptional activation occurs in committed erythroid cells (17, 27) . Although we found robust enrichment of H3K4me2 and AcH3 at the HSII site in HSC and MPP, little or no levels were detected at the ␤-major promoter in HSC (Fig. 2D) . However, the ␤-major promoter was found to harbor higher levels of these histone modifications in MPP consistent with the observation that these cells expressed higher levels of ␤-globin (Figs. 1B and 2D). Thus, by using miniChIP, covalent histone modifications were able to be reproducibly examined across numerous loci in highly purified primary hematopoietic stem and progenitor cells.
We then began to analyze epigenetic histone modifications in HSC and MPP compared with CLP and three erythromyeloid precursor populations, CMP, GMP, and MEP (SI Figs. 5 and 6). We first examined histone modifications spanning the Gata1 promoter in HSC and MPP (Figs. 1 A and 3A). H3K4me2 was detected at all three sites of the promoter in both cell types, whereas H3K4me3 and AcH3 were absent with the exception of a small enrichment of H3K4me3 at the transcriptional start site (TSS) in HSC (Fig. 3A) . Interestingly, the Gata1 promoter lacked AcH3 in HSC suggesting that this modification was associated with low-level transcription (Figs. 1B and 3A). As differentiation progressed to CMP and MEP, H3K4me2 was sustained at all three promoter sites and increased (Ϸ3-fold) at the TSS in MEP. H3K4me3 accumulated at the TSS in CMP and MEP and across the promoter in MEP (Fig. 3A) . Whereas active histone modifications were found to be absent from the Gata1 promoter region in CLP and GMP, high levels of H3K27me3, a mark of silent chromatin, were observed in these cell types (Figs. 1B and 3A) .
The myeloid-specific c-fms locus contains several regulatory sites ( Fig. 1 A) . Robust levels of H3K4me2 were observed in HSC, MPP, CMP, and GMP across all regulatory regions, with reduced levels in CLP and MEP (Fig. 3B) . A striking enrichment of H3K4me3 was found at the promoter in CLP, CMP, and GMP, whereas low enrichment was seen at the FIRE region in HSC and MPP. These data may have reflected a transient role of H3K4me3 at the enhancer for transcriptional potentiation in HSC and MPP before higher expression levels in CMP and GMP. AcH3 levels across the locus were comparable in HSC, MPP, CMP, and GMP. Although histone modifications at the FIRE region in CLP were low or absent, we observed active marks at the c-fms promoter potentially reflecting the latent myeloid potential of these cells (Figs. 1B and 3B) (34, 35) . Interestingly, H3K27me3 was robustly detected across the entire locus in MEP, suggesting that K27 methylation may act to permanently silence c-fms in cells not destined for a myeloid fate.
Conversely, we identified accumulated levels of active histone modifications at the lymphoid-affiliated genes Ptcr␣ and Gata3 in CLP, along with increased levels of H3K27me3 in most of the erythromyeloid populations ( Fig. 3 C and D) . Ptcr␣ transcripts were undetectable in the six stem and progenitor subsets examined, although differential levels of histone modifications were detected at the enhancer and promoter regions. Robust levels of H3K4me2 were observed at the Ptcr␣ enhancer in HSC, MPP, and CLP, whereas lower levels were seen at the promoter (Fig. 3C) . We failed to detect robust H3K4me3 levels in HSC but observed very low enrichment of H3K4me3 at the Ptcr␣ promoter in MPP and CLP, with highest AcH3 levels in CLP. Thus, increased levels of activating chromatin modifications were found to correspond with the lymphoid potential of these cells despite Ptcr␣ not being expressed in these cells (Fig. 1B) . This trend was also reflected by a reduction in H3K27me3 at the promoter region in CLP compared with the five other subpopulations. The TSS of Gata3 revealed H3K4me2 in all cell types although levels were lowest in the myeloid-committed subsets (Fig. 3D ). H3K4me3 and AcH3 levels were highest in CLP and present at lower levels in HSC and MPP. Analysis of H3K27me3 revealed high levels at the TSS in GMP and MEP, consistent with the qRT-PCR data (Figs. 1B and 3D ). High levels of H3K27me3 were also observed in CLP, with modest signals detected in HSC and MPP. The presence of H3K27me3 was unexpected based on the gene expression profiles across these subsets and suggested that the Gata3 TSS is marked by bivalent domains harboring both activating (H3K4me3) and silencing (H3K27me3) histone modifications (36, 37) . Taken together, these results revealed that there were gene-specific combinations of active and silent chromatin domains present at gene regulatory regions that were either expressed at low levels or not expressed (Ptcr␣) in HSC. These particular histone modifications may execute important roles in lineage commitment. It has been suggested that histone modifications and methylation states of CpG dinucleotides cooperate to control embryonic stem (ES) cell pluripotency (37) (38) (39) (40) . To address whether active histone modifications colocalize with altered DNA methylation densities, we next used BS analysis. As expected, numerous CpGs located within the albumin enhancer were consistently methylated in hematopoietic populations, whereas they were unmethylated in liver cells expressing albumin (SI Fig. 7) . The Gata1 promoter contains eight CpG sites located Ϸ700 bp upstream from the TSS (Fig. 4A ).
Partial methylation of this region observed in HSC was increasingly lost in CMP and MEP, consistent with the miniChIP and qRT-PCR data (Figs. 1B, 3A , and 4A). By contrast, these CpGs were methylated in CLP and GMP. The CpG site located at Ϫ651bp is adjacent to a functionally critical Gata1 binding motif (41) . This CpG, and to a lesser extent adjacent CpGs, were partially methylated in HSC and MPP, raising the possibility that Gata1 binding to this site primed the HSC toward an erythroid cell fate. This site was also unmethylated in liver, which may have be a reflection of transcription factor occupancy including Gata1 complexes in hepatocytes (Fig. 4A) .
We next examined DNA methylation across the c-fms locus. Consistent with its location across a CpG island, CpGs within the FIRE region were mostly unmethylated in all cell types (Fig. 4B) . By contrast, CpGs within the Ϫ1 kb FIRE site were completely methylated in liver, with very low methylation signals observed in all hematopoietic populations. The only exception we found was the partial methylation in CLP, which was a result consistent with previous findings (42) . We found lowest methylation densities in the CMP and GMP subpopulations, with slightly higher levels in MEP. A similar pattern was observed for the CpGs within the promoter, which were mostly unmethylated in all six hematopoietic populations, with lowest methylation levels observed in GMP (Fig. 4B) . By contrast, methylation was observed at all promoter CpGs in liver. Reduced methylation levels at these control regions in CMP and GMP were in agreement with the c-fms expression profiles. Fur- thermore, the unmethylated CpGs at the promoter and Ϫ1 kb FIRE sites were found to coincide with the distribution of active histone modification regions (Figs. 3B and 4B) .
Finally, we investigated DNA methylation at the Ptcr␣ enhancer and promoter located between two constitutively expressed genes (Rik23 and Tnrc5) that contain completely unmethylated CpG island promoters (Fig. 4C and SI Fig. 8 ). DNA methylation analysis of the enhancer revealed an unmethylated CpG site (Ϫ4080) in all cell types examined including cell samples from spleen and liver (Fig. 4C) . This CpG coincided with a functionally critical Myb binding site (43) . We observed varying degrees of methylation at other CpGs in all subsets, which were overall less methylated in proT3 and proT4 cells (Fig. 4C) . BS analysis of the Ptcr␣ promoter revealed one partially methylated CpG site in CLP, which may indicate increased transcriptional potentiation before high-level expression in proT3 and proT4 cells (Fig. 4C) . Accordingly, both enhancer and promoter regions were unmethylated in proT3 and proT4 cells expressing the highest levels of Ptcr␣ (Figs. 1B and 4C ). BS analysis of CpGs within the Gata3 promoter revealed a complete lack of methylation in HSC, the downstream transitamplifying progenitors, and in liver which was likely due to its location within a CpG island (SI Fig. 9) .
Together, these data demonstrate that many of the unmethylated CpGs in HSC colocalize with well defined cis-elements functionally required for transcriptional activity. Most regulatory regions comprising these selectively undermethylated CpGs were also marked by active histone modifications, and, in one instance, bivalent domains revealing a close association between histone and DNA epigenetic modifications.
Discussion
Here, we have examined chromatin structure in highly purified primary hematopoietic stem and progenitor cells using miniChIP and BS analysis. The analysis of histone modifications in HSC and daughter progenitors was possible by the optimization of conventional ChIP assays to 50,000 cells. The miniChIP method described here allows for the quantitative analysis of fixed chromatin under optimal sonication and immunoprecipitation conditions. When used in conjunction with the recently developed carrier ChIP (44) and Q 2 ChIP (45) assays, which were described during the preparation of this paper, epigenetic analysis should be possible on extremely rare cells (i.e., 100) contained within primary tissues. Therefore, these newly described ChIP methods will serve as invaluable tools for the epigenetic analysis of primary cells in numerous developmental systems and neoplastic cell populations, including cancer stem cells (46) , where cell numbers are limiting.
The epigenetic analysis of early hematopoiesis raises the exciting possibility that chromatin structure plays a critical role for the establishment and maintenance of multipotency. We hypothesize that chromatin structure at these regulatory regions ensures inheritance of epigenetic states to maintain lineage-specific expression or repression during the process of lineage commitment. Although the data presented here are a limited data set, clear trends are discernable. First, the patterns of H3K4me2 were strikingly similar between the two multipotent populations examined, HSC and MPP. This observation is consistent with the notion that although the genes investigated were expressed at low levels or not at all, these genes are ''primed'' for expression later in development. Second, H3K4me2 enrichment was most prominent at the enhancer, not the promoter, in preexpressing cells. For example, HSII of the ␤-globin locus and the Ptcr␣ enhancer carried high levels of H3K4me2 in HSC and MPP as well as in HSC, MPP, and CLP, respectively. Many recent locus and genome scale analyses have found that genes in a transcriptionally poised nonexpressing state are enriched in H3K4me2 (16, 30-33, 47, 48) . It is possible that H3K4me2 at regulatory regions, particularly at enhancers, maintains these genes in a transcriptionally permissive state to prime the HSC for lineage commitment. Third, H3K4me3, a marker of actively transcribing genes (30) , was observed at the promoter or TSS of genes in cells showing highest expression (c-fms and Gata1) or developmentally nearest to cells expressing the gene (Gata3 and Ptcr␣). Thus, enhancers could be important for priming genes for expression later in hematopoiesis whereas promoter modifications may serve as true indicators of active transcription. A similar trend was observed with DNA methylation of the Ptcr␣ locus. Whereas the enhancer displayed varying degrees of methylation, promoter methylation strictly correlated with Ptcr␣ expression. Fourth, H3K27me3, which typically associates with transcriptionally silent genes, was highest at promoter regions in the cells most developmentally distant from those expressing the gene (Gata1, c-fms, and Ptcr␣). Bivalent domains were detected at the TSS of Gata3 in HSC and MPP, with highest enrichment observed in CLP, thus perhaps reflecting the lymphoid potential across these subsets for high level Ptrc␣ expression later in T cell development (2, 23, 35) . Interestingly, the Gata3 TSS is located within a CpG island, which has been shown to strongly coincide with bivalent domains (37) . It will be important to determine whether bivalent histone methylation is indeed present at the Gata3 promoter and not just a reflection of distinct subsets within the CLP population. We are currently investigating the extent to which bivalent histone modifications mark additional lineage-affiliated genes in the defined progenitor populations.
A central question that remains to be resolved is precisely how and when epigenetic marks are established during development. A parallel study has revealed that unmethylated CpG residues at lineage-directing genes in HSC are also unmethylated in ES cells at similar levels (49) . Furthermore, the unmethylated windows in ES cells are occupied by sequence-specific transcription factors. These results strongly suggest that control regions for hematopoieticspecific genes are transcriptionally primed in pluripotent cells long before the establishment of the definitive, multipotent HSC. In this case, the transition from pluripotent to multipotent developmental potential may be mediated by selective gene silencing rather than activation. It will be of high interest to identify the specific recruitment of positively and negatively acting transcriptional regulators that contribute to the establishment of epigenetic marks at control regions in HSC and functionally assess these features in lineage priming.
In summary, we extend the proposition that histone and DNA modifications represent important characteristics of HSC development and differentiation. A deeper understanding of these epigenetic features in HSC and their daughter progenitors may illuminate the molecular mechanisms that govern multipotency and lineage commitment, both in normal and pathological hematopoiesis.
Materials and Methods
Purification of Cells. HSC and MPP were sorted as described (21) . CLP were sorted as described with the addition of PE-conjugated anti-Flk2 (eBioscience) (ref. 23 ; H. Karsunky and I.L.W., unpublished results). Erythromyeloid progenitors (24) and T cells (50) were sorted as described (24) . Cells were double sorted for high purity by using FACSAria and FACSVantage (Becton Dickinson, San Jose, CA).
RNA Purification and qRT-PCR. RNA isolation and qRT-PCR were performed as described (29) . Primer sequences were designed by using Primer3 and are available on request. Fold expression relative to whole BM was calculated after ␤-actin normalization.
ChIP Assays. ChIP assays using 1 ϫ 10 6 cells per reaction were performed as described (Upstate Biotechnology). Antibodies included anti-acetyl histone H3 (Upstate; 06-599), anti-acetyl histone H4 (Upstate; 06-866), anti-dimethyl histone H3K4 (Upstate; 07-030) and anti-trimethyl histone H3K4 (Upstate, 07-473; Abcam, 8580), anti-trimethyl histone H3K27 (Upstate; 07-449), and rabbit IgG (Upstate; 12-370). Quantitation of ChIP DNA (relative enrichment) used the ABI 7000 Sequence Detection System. DNA concentrations were measured with a ND-1000 spectrophotometer (NanoDrop) and analyzed in triplicate qRT-PCRs.
MiniChIP Assays. Prospectively purified hematopoietic cells ranging from 50,000 to 150,000 were sorted into 1.5-ml Eppendorf tubes containing 1 ml of DMEM (Gibco) and 10% FBS and cross-linked in 0.1% formaldehyde for 10 min at room temperature with gentle rocking. Cells were washed in ice-cold HBSS (Gibco) containing protease inhibitor mixture (PIC) (Roche), and each 50,000-cell equivalent was lysed in 100 l of lysis buffer (Upstate; 17-295) containing PIC and incubated on ice for 5 min. After lysis, 300 l of HBSS containing PIC was added per 50,000-cell equivalent, and 400-l aliquots were placed into new Eppendorf tubes. Each 400-l aliquot was sonicated by using a Branson Sonifier (Branson Ultrasonics, Danbury, CT), which was empirically determined to give rise to genomic fragments ranging from 200 to 800 bp. Soluble chromatin was collected by 4°C ultracentrifugation (10,000 ϫ g for 10 min), pooled into a new Eppendorf tube, and precleared by using 5 l of salmon sperm DNA/protein A agarose beads (Upstate; 16-157) per 50,000-cell equivalent for 30 min at 4°C with rotation. After 4°C ultracentrifugation (1,000 ϫ g relative centrifugal force for 2 min), the supernatant was diluted 2-fold with ChIP dilution buffer (Upstate; 17-295), input was removed, and 800 l of chromatin was distributed to new Eppendorf tubes. Antibodies to modified histones were added, ranging from 2 g to 10 g as empirically tested at control promoters, and a reaction containing an equivalent amount of rabbit IgG was included as the background control. Immunoprecipitations were performed for 8-12 h at 4°C with rotation, and antibody:protein:DNA complexes were then collected with 30 l of salmon sperm DNA/protein A agarose beads for 1 h of rotation. The beads were washed as described (Upstate; 17-295) by using 500 l of each buffer, then eluted twice from the beads with 200 l of fresh elution buffer (1% SDS and 0.1 M NaHCO 3 ). Eluates were pooled, 20 l of 5 M NaCl was added, and reactions were incubated at 65°C for 6 h to reverse the protein:DNA cross-links. After incubation, Proteinase K, 1 M Tris (pH 6.0), and 0.5 M EDTA (pH 8.0) were added and incubated at 45°C for 1 h. Genomic DNA was recovered by using phenol chloroform extraction and ethanol precipitation. Pellets were washed in 70% ethanol, briefly air-dried, and resuspended in TE buffer.
Isolation of Genomic DNA and Bisulfite Sequencing Analysis.
Genomic DNA isolation and bisulfite treatment were performed as described (49) .
